Experimental data are reported for the temperature and polarization dependence of the one-magnon Raman light scattering in the rutile-structure antiferromagnet CoF 2 (Néel temperature T N = 38 K). The low-lying excitons are also investigated at low temperatures and comparisons made with results from earlier Raman, infrared, and neutron scattering work. A detailed analysis of the one-magnon Stokes and anti-Stokes Raman spectra is presented resulting in comprehensive data for the temperature variation up to T N of the one-magnon frequency, line width, and integrated intensity. A theory of the one-magnon scattering and other magnetic transitions is constructed based mainly on a spin S = 3/2 exchange model, extending a simpler effective S = 1/2 approach. The excitation energies and spectral intensities over a broad range of temperatures are obtained using a Green's function equation of motion method that allows for a careful treatment of the single-ion anisotropy. Overall the S = 3/2 theory compares well with the experimental data.
Introduction
In an earlier paper [1] we presented a thorough comparison between experiment and theory for two-magnon inelastic light scattering in the rutile-structure antiferromagnets NiF 2 and CoF 2 thus complementing earlier work on isomorphic compounds such as FeF 2 and MnF 2 that are broadly similar magnetically [2] . The focus of the present paper is on the one-magnon light scattering, which provides further insight into the spin dynamics of these compounds because it emphasizes the magnetic excitations near the center of the Brillouin zone. By contrast, in twomagnon scattering, the excitations of magnon pairs at large wave vectors are dominant. By comparison with FeF 2 and MnF 2 , neither NiF 2 or CoF 2 were well understood with regards to the temperature and polarization dependence of their one-magnon excitations, as studied through their frequencies and Raman intensities. They present quite distinct cases to one another, because in NiF 2 there is a spin canting from true antiferromagnetic alignment, leading to a major effect on the zone-center magnons and thereby on the one-magnon light scattering, as we reported recently [3] . On the other hand, the one-magnon light scattering in CoF 2 has other distinctive properties. There is no canting, but the effects arising due to a strong orbital angular momentum and a large single-ion anisotropy are dominant. This has motivated our experimental and theoretical studies presented here.
The crystallographic unit cell of CoF 2 is depicted in Fig. 1 together with the relevant exchange parameters employed in this work. The antiferromagnetic ordering of the spins in CoF 2 was first determined by Erickson [4] using neutron diffraction and also confirmed through studies of the magnetic anisotropy of fluorides of the iron group elements [5] . Early theoretical studies of the static magnetic properties of CoF 2 in the paramagnetic and antiferromagnetic phases using an effective spin S = 3/2 Hamiltonian were performed by Nakamura and Taketa [6] . The magnetic excitations in CoF 2 were first studied by Lines [7] and the dominant exchange and anisotropy parameters were estimated by comparing theory with low-temperature antiferromagnetic resonance frequencies [8] and infrared absorption data [9] . The electronic stucture of the Co 2+ ions has been determined by Gladney [10] , and the spin-wave dispersion relations have been measured by Cowley et al. [11, 12] using inelastic neutron scattering. Raman light scattering measurements made by Macfarlane [13] , Moch et al. [14] , and Hoff et al. [15] have also characterized the low-lying zone center excitations, and the light scattering cross sections [13, 14] are somewhat consistent with the calculations of Ishikawa and Moriya [16] . The splitting of the excitations by an applied magnetic field has been studied in the infrared [17, 18] and with Raman scattering [14] . In this paper we report experimental Raman scattering data for the one-magnon and exciton excitations in CoF 2 , together with a theoretical analysis for the magnetic excitations in a two-sublattice S = 3/2 antiferromagnet with single-ion anisotropy. The theoretical technique used here employs the spin operators directly and allows us to investigate the magnetic excitations from the approximate ground state as well as the additional optical magnetic modes that are expected in this system.
The justification for using an effective spin S = 3/2 model to study the low-lying magnetic excitations in CoF 2 has been discussed by several authors [6, 7, 16] and here we highlight the main arguments. The free Co 2+ ion has an electronic configuration 3d 7 and application of Hund's rules yields a 28-fold degenerate 4 F ground state (L = 3, S = 3/2). When the ion is inserted into a crystal and surrounded by F -ions it is subjected to a perturbing electric field which lifts the degeneracy of the free ion. As the symmetry is lowered there is an increase in the number of split levels produced by the crystal field. The degeneracy of the orbital state of the free Co 2+ ion is seven (L = 3) and is split into two triplets and a singlet by a crystalline electric field of cubic symmetry, where the lowest level is a triplet which is described in terms of an effective L = 1 operator. The lowest orbital triplet state is now of degeneracy twelve because of the spin S = 3/2 of the free ion. The F -ions surrounding the Co 2+ ions do not have perfect cubic symmetry. The distortion from cubic symmetry combined with spin-orbit coupling splits the lowest energy manifold into six (Kramers) doublets. The degeneracy of each doublet is eventually removed by the exchange field, resulting in four lowest energy levels for the Co 2+ ions [10, 16] . The energies of these four levels (relative to the lowest) have been estimated [10, 16] to correspond roughly to 0, 51, 190, and 200 cm -1 , and they are well separated from the next level at about 800 cm -1 .
This paper is organized as follows. In Sec. 2 we describe the Raman experiments and present the results for the one-magnon and exciton scattering in the CoF 2 sample. The theoretical analyses for the magnon excitations are described in Sec. 3, where we mainly use the spin S = 3/2 model which is superior to the effective spin S = 1/2 approach in the context of the one-magnon and exciton Raman scattering. This contrasts with the situation for onemagnon light scattering in NiF 2 mentioned earlier, where there the spin canting is important and the Ni 2+ ions have spin S = 1. Comparisons of the one-magnon theory and experimental data are presented in Sec. 4, and the other magnetic excitations are then briefly discussed in Sec. 5. The conclusions of our work are given in Sec. 6.
Experiment and results
The purplish-red-colored sample of CoF 2 was prepared from a single crystal grown at the Clarendon Laboratory, Oxford University, specially for these one-magnon studies and our earlier two-magnon studies [1] . The cuboid sample of dimensions 3.2 mm 2.0 mm 1.7 mm was cut to expose (001) [Z] , (110) [X] , and (110) [Y] faces, respectively, and these faces were highly polished with 1 m diamond powder. The Raman spectrum was excited with 500-600 mW of Ti: sapphire laser light at 800 nm, which avoided any optical absorption [19] , analyzed with a Spex 14018 double monochromator at a spectral resolution of 3.3 cm -1 unless otherwise indicated, and detected by a cooled RCA 31034A photomultiplier. The sample was mounted in the helium exchange-gas space of a Thor S500 continuous flow cryostat, where the temperature could be controlled to within 0.1 K and was measured with a gold-iron/chromel thermocouple clamped to the sample. Spectra were recorded in the 90 scattering geometry. The one-magnon scattering was measured in different polarizations for temperatures up to about T N , while the exciton features were investigated at low temperatures only.
The polarization dependence of the low frequency Raman spectrum of antiferromagnetic CoF 2 at low temperature is shown in Fig. 2 . These spectra exhibit a sharp peak at (37.0 0.1) cm -1 that is the lowest lying exciton (conventionally referred to as the magnon) of the ground state multiplet of the Co 2+ ion in the exchange field. The one-magnon scattering is observed only in off-diagonal polarizations. The temperature dependences of the spectra for these same polarizations are given in Fig. 3 , where it can be seen that the one-magnon peak decreases in frequency and increases in width with increasing temperature up to T N while its peak intensity decreases. It is evident that the anti-Stokes and Stokes intensities are also temperature dependent and vary with the polarization.
The Raman spectrum at higher frequencies exhibits three more sharp peaks associated with the higher lying excitons of the lowest multiplet, as shown in Fig. 4 . These and other spectra were fitted with a GaussianLorentzian line shape model [20] to yield the band parameters of position, width (full width at half maximum), and integrated intensity. The results obtained at low temperature are given for the four excitons and also some CoF 2 phonons in Table 1 . This table shows that the widths of the lowest frequency exciton and phonon are resolution (2.5 cm -1 ) limited at low temperature. The phonon scattering is much stronger, in general, than the exciton scattering and the measurements in X(YZ)Y and X(ZX)Y polarization give the expected similar intensities for the E g phonon, indicating that the experimental conditions are satisfactory, and this is also the case for exciton 3, whereas for the magnon (exciton 1) they are different. The spectra shown in Fig. 4 indicate that the polarization leak through (e.g., of exciton 3 from Our measurements for the frequencies of the four lowestlying excitons are compared with earlier results in Table 2 , and there is good agreement between values obtained by Raman scattering and also the quite different techniques of inelastic neutron scattering and infrared spectroscopy. This is not the case, however, when it comes to the Raman crosssections of the excitons. As can be seen from Table 3 , the integrated intensities of the excitons observed in the various polarizations when normalized to that found for exciton 3 in X(YZ)Y polarization can be quite different for the three experimental studies reported to date. In addition, there is a greater discrepancy between our values compared with previous theory than for the other two experimental studies. However, there is one point on which all experiments and theory agree and that is the relative integrated intensity of exciton 4 is much weaker than for the others. It is evident Raman intensity, arb. units Notes: *As deduced by Moch et al. [14] from the magnetic field results in the infrared study of Ref. 18 .
from the theoretical data given in Table 3 that the excitation energy is a crucial factor in elaborating the Raman cross section, presumably because of possible Raman excitation energy resonances with higher-lying electronic energy levels of the Co 2+ ion. The experimental and theoretical data indicate that there is an increase in the overall intensities, relative to the fixed (reference) one, of the excitons in the other polarizations with Raman excitation energy increase over the range 12500 to 30000 cm -1 . At the same time, theory shows that there is a large absolute intensity increase when the excitation energy is changed from 20000 to 30000 cm -1 (see Table 3 ). Raman intensity, arb. units The one-magnon spectra as a function of temperature and polarization were all readily fitted with a GaussianLorentzian line shape model and the results obtained for the line parameters in Stokes and anti-Stokes scattering are given in Figs. 5 and 6, respectively. For comparison with theory, we also give in Fig. 7 the temperature dependences of the ratio of the Stokes to anti-Stokes onemagnon integrated intensities for several polarizations. The intensity ratios for all polarizations exhibit a similar steep rise with decreasing temperature below about 15 K. The results in X(YZ)Y polarization, although showing a different temperature dependence from the other polariza- 
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One-magnon theoretical analysis
For simplicity we start by briefly presenting an effective spin S = 1/2 Green's function theory for the onemagnon excitations. This approach is useful when analyzing two-magnon Raman scattering [1] because approximations appropriate to large wave vectors can be made, but it has its limitations for magnons near the Brillouin-zone center. Therefore it is followed by an effective S = 3/2 theory, which is expected to provide a more realistic descriptions of the magnons since it takes into account the lowest four levels (instead of just two). In particular, the latter approach is expected to account more accurately for anisotropy effects and to be superior at elevated temperatures.
Effective spin 1/2 theory
This model [7] is based on taking account of only the lowest two energy levels for the Co 2+ ions, which are separated by about 50 cm -1 as already noted. The effective
Hamiltonian can be expressed as
where ex and an refer to the exchange and anisotropy parts respectively, with ex , , ,
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The sites labelled i are on the spin-up sublattice and those labelled j are on the spin-down sublattice. The intersublattice exchange interaction is represented by where the exchange parameters are defined in Fig. 1 . The one-magnon excitation energies are obtained by forming the operator equations of motion for the S operators for each sublattice using the above Hamiltonian. The equations are then linearized using the random phase approximation (RPA) and transformed to a wave vector representation. The solutions for the excitation energies are obtained, assuming a time dependence exp( ) iEt for the S operators, as [1]
The energies are degenerate in magnitude (in the zero applied field case considered here) and the negative sign in Eq. (4) refers to oppositely precessing spins. The spin average z S related to the sublattice magnetization can be evaluated using mean-field theory [1] .
Effective spin 3/2 theory
Next we focus on the S = 3/2 theory obtained using the four lowest energy levels for the Co 2+ ions [16] . This is expected to be superior here because of the more careful treatment of the anisotropy, which is particularly important for one-magnon Raman scattering. The two approaches will be compared later. In this case the total Hamiltonian can again be expressed as in Eq. (1) except that all spin operators now refer to S = 3/2 and the anisotropy part is replaced by Here the parameters D and F describe the effects of the uniaxial and nonuniaxial contributions to the single-ion anisotropy, respectively. The average spin alignment for each sublattice is assumed to be along the crystallographic c axis as depicted schematically in Fig. 1 .
We now use the Green's function equation of motion method (rather than the operator equation of motion, which provides less information) to generate the set of equations satisfied by ;
iE SY and the other Green's functions coupled to it. As before we use RPA decoupling for products of spins at different sites, but we do not approximate the anisotropy terms which involve products of operators at the same site. The formalism is analogous to that employed by Cottam and Latiff Awang [21] for S = 1 antiferromagnets with single-ion anisotropy, but extended here to S = 3/2. To obtain a finite, closed set of equations, we use the identity for S = 3/2 spin operators that 42 ( ) = (5/2)( ) (9/16).
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Taking into account the different sublattice labeling, 16 coupled equations are required to obtained a closed set of equations. After a transformation to wave vector representation the set of equations can be written in matrix form as 
The above operators 1 12 , ... , XX are all linear in the transverse spin components and are associated with transitions for =1 z S whereas the operators 13 16 , ... , XX all involve transitions for = 3.
z S
We note that these coupled equations do not involve any operators in combinations that are quadratic in the transverse spin components. The excitations associated with this combination of spin operators are different from the one-magnon excitations and so are considered in a later section.
By comparison with the case of an anisotropic S = 1 antiferromagnet considered earlier [21] using this operator method, the analogous equation to Eq. (7) involved only a 8 8 matrix, because the operator combinations 9 16 , ... , XX in that case can be shown either to be zero or to be expressible in terms of the remaining 18 , ... , .
XX In general, as S is increased, it is found that more coupled equations of motion are needed to obtain a closed set.
In our analysis the poles of the Green functions correspond to the spin-wave (one-magnon) excitations, which are obtained by applying the determinantal condition that 16 det ( ) = 0, EIB (10) as follows from Eq. 
The above thermal averages can now be estimated using a modified mean-field theory.
Thermal averages
We use the standard quantum-mechanical representation for the spin S = 3/2 operators in terms of 4 4 matrices: 
Following the general approach as used for S = 1 antiferromagnets [21] , the thermal averages are calculated using an effective Hamiltonian where we adopt a mean-field approximation to simplify the exchange terms but treat the single-ion anisotropy terms exactly. 
As mentioned earlier, in the absence of exchange (i.e., if we set h 0 = 0) we would obtain just two sets of degenerate energy eigenvalues which represent two low-lying doublets. The separation between these doublets has been previously estimated [7, 10, 16] to be within the range 152 to 175 cm -1 . This, together with the data available from light scattering, allows an estimate to be made of the values of the anisotropy and exchange parameters of the spin Hamiltonian. Therefore in Fig. 8 we show a schematic of the energy level splitting produced by the exchange field. The operators 1 12 , ... , XX in Eq. (9) are all linear in a transverse spin component and thus correspond to the transitions labeled as , , and , whereas the operators 13 16 , ... , XX are cubic in a transverse spin component and correspond to the transition labeled as . These mean-field transition energies are different, in general, from the energies of the spin waves, because the latter include spin-fluctuation effects absent in mean-field theory. The energy level spacings indicated in Fig. 8 are calculated using Eq. (15) . The value of the dominant antiferromagnet exchange term J 2 was chosen such that the energy of the lowest-lying k = 0 spin wave is 37 cm -1 , in accordance with the light scattering data. We note that the fitted exchange parameters are expected to be different in the S = 3/2 model because of the different role of the anisotropy terms and the different spin quantum number.
In the low-temperature limit () N TT the static thermal average for any operator A is defined as 11 
At elevated temperatures the higher energy states of the four-level system become thermally populated and the static thermal averages must then be evaluated using
This result is employed in Fig. 9 to calculate the temperature dependence (up to T N ) of the static thermal averages. est-lying spin-wave excitation is generalized from the transition from the mean-field ground state to the first excited level (see the lower panel), and another spin-wave branch associated with the transition from the ground state to the third excited level (see the top panel) also exhibits dispersion. There are two additional spin-wave branches to the spectrum (which are effectively dispersionless and therefore not shown) that correspond to the transitions and in Fig. 8 ; they correspond to energies of about 132.8 cm -1 and 14.2 cm -1 , but are likely to be observed only at elevated temperatures (see later discussion) when there is sufficient thermal population of the higher levels in Fig. 8 . In Fig. 10 we show the effect of varying the small intrasublattice exchange 1 J on the two excitations. We have also included in the lower panel, for comparison, the single spin-wave dispersion curve obtained using Eq. (4) in the effective spin S = 1/2 model. The numerical results in this case are plotted using our optimal set of parameters for the S = 1/2 model, i.e., J 1 = -1.2 cm . For another comparison of the two theoretical approaches we show in Table 4 the spin-wave energies calculated using the S = 1/2 and S = 3/2 models at different points in the Brillouin zone. With these parameters the largest difference for the spin-wave energy E predicted by the two models occurs at the zone edge. Spin S Spin-wave branch However, the inelastic neutron scattering measurements [11] for the zone-edge excitation indicate a spin-wave excitation energy of 64.8 cm -1 which is comparable to the value obtained with the parameters of our effective spin S = 1/2 model. With the small intrasublattice exchange J 1 = 0 the spin S = 3/2 model underestimates the zone-edge spin-wave energy. The energy of the spin wave E at the zone edge may be increased with the inclusion of a nonzero J 1 term, as was done in Fig. 10 . Thus, setting J 1 = -2.0 cm . The effect of the J 1 term on the dispersion of the excitation E is seen in Fig. 10(a) , where J 1 produces a shift in the excitation energy as well as a change in sign of the slope of the curve.
In Fig. 11 we plot the k = 0 spin-wave energy E as a function of the reduced temperature for both the S = 1/2 and S = 3/2 models. The theoretical predictions are compared with new one-magnon Raman light scattering data. In Figs. 12(a) and (b) we show the excitation energies, calculated using the spin S = 3/2 model, versus temperature for different fixed points in the Brillouin zone. As the temperature is increased the energies E and E eventually tend to zero because the splitting within the upper and lower doublets (see Fig. 8 ), which is produced by the exchange interactions, decreases with the sublattice magnetization. At the mean-field transition temperature the E and E excitations at =0 k still have a small splitting but they become degenerate at the zone boundary as expected.
The formal results for the various spin-dependent Green's functions may straightforwardly be obtained by using 1 16 = (
) , E k G I B b which follows from Eq. (7). From standard relations between the spectral representation of the correlation functions and the Green's function we are able to extract information about the statistical weight associated with the various spin-wave excitations.
As an illustrative example we consider the following transverse correlation function
here subscript 1 refers to the spin operators on the i-sublattice. The spectral function in Eq. (20) may then be written as
where n(E) is the Bose-Einstein thermal factor, denotes a positive infinitesimal and the Green's function may be obtained from the solution of the inhomogenous matrix equation.
In Fig. 13 we show the spectral function, as defined in Eq. (21) , for the various excitations predicted according to the S = 3/2 model. In the low-temperature limit there is no statistical weight attached to the excitations E and E since these modes involve transition between the higher energy states. However, at elevated temperatures (see the dashed lines) we predict a nonvanishing contribution from these excitations. The contribution to the spectral functions from the excitation E is found to be the smallest in this example. In the low-temperature limit the dominant spectral features come from the excitations E ( Fig. 13(b) ) and E (Fig. 13(c) ). These modes are associated with excitations from the ground state, which can occur even as 0. T At elevated temperatures the excitation peaks shift to lower values due to their dependence on the static thermal averages. 
Excitations for S z = 2
In Sec. 3 we investigated the magnetic excitations associated with the transitions =1 z S . They were just the one-magnon excitations deduced by studying spin operators that were linear in a transverse spin component. These operators were coupled through the equations of motion to other spin operators that were cubic in a transverse spin operator. However, the linearized equations of motion for these operators did not couple to any spin combinations that were quadratic (or any even power) in a transverse spin component. These latter operators are associated with the transitions having = 2.
z S
In this section we briefly investigate the properties of the excitations from the meanfield ground state to the second excited state, using the effective S = 3/2 model. We note that the S = 1/2 model is not capable of describing such excitations.
To study these modes we start from the equation of motion for 2 ( ) ;
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and generate all of the other Green's functions coupled to it. As before we do not decouple the product of operators at the same site. Instead we form additional equations of motion in order to obtain a closed set. The equations of motion can be transformed to a wave vector representation and the set of equations may be written in a matrix form as In Fig. 15 Fig. 10 . In the low-temperature region the statistical weight attached to this mode is small because it involves excitation between higher energy states.
Conclusions
In this paper we have investigated the magnetic excitations in a spin S = 3/2 anisotropic antiferromagnet with strong spin-orbit coupling. Detailed experimental results are presented for the temperature and polarization dependence of the one-magnon Raman scattering in the rutile structure antiferromagnet CoF 2 . Low temperature results are also presented and discussed for Raman scattering from higher-energy excitons in the ground term. The Green's function equation of motion method was employed to derive the excitation energies and spectral intensities over a broad range of temperatures. Results were obtained using RPA for the product of operators at different sites while the single-ion anisotropy terms were treated exactly (without using any decoupling scheme) by generating a closed set of coupled Green function equations. The theory was applied to CoF 2 and the numerical results were compared with one-magnon Raman light scattering data reported here, as well as other published works. At elevated temperatures the theory predicts several optical magnetic excitations associated with transitions between the higher energy magnetic states. The statistical weight attached to these optical modes vanishes in the =0 T limit. The dispersion and temperature dependences of the lowest-lying excitation using the spin S = 3/2 model were also compared to results obtained using a simpler effective spin S = 1/2 model. This work was partially supported by the Natural Sciences and Engineering Research Council (NSERC) of Canada. We thank P.A. Moch for helpful discussions, J. Johnson for assistance in the analysis of the Raman spectra, and H.J. Labbé for the crystal sample preparation. 
